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ABSTRACT
Polychlorinated biphenyls (PCBs) are synthetic organic chemicals that ca de detected in
the environment worldwide. PCBs were banned in the U.S in 1979 owing to their toxicity and
persistence in the environment. Today PCBs are classified as human carcinogens and are among
the top ten of the U.S Environmental Protection Agency’s (EPA) most toxic chemicals. Many
researchers have shown soil to be contaminated with PCBs at concentrations as high as 750 ppm.
Given the toxicity of PCBs, there is an urgent need to extract and degrade such chemicals from
contaminated soil in a cost effective way. Prior work revealed a novel method of degradation of
PCBs via hydrodehalogenation with zero-valent magnesium in acidified ethanol and ethyl lactate
as a solvent system. Even though this degradation method gave satisfactory results for PCB
degradation, this system cannot tolerate more than 3% water in order to degrade PCBs, limiting its
application to wet soil field samples. In the present work a new system of acidified ethanol and
ethyl lactate with ZVMg over activated carbon was developed which shows promising results on
the degradation process of PCBs even with water present in the system. A detailed study of the
byproducts formed in the dechlorination process and a degradation pathway, along with the activity
of the system over time, are presented in this research.
Also, a study of the mechanism involved in this reaction was done via computational
methods to elucidate a mechanism pathway. It was demonstrated that these reactions are
exothermic and involved two transition states, the formation of the first transition state being the
limiting step of this reaction.
The torsion angle of the PCB congeners was also shown to be an extremely important
factor in order to be able to use activated carbon as part of the remediation process. These
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findings allow a greater understanding of the reductive dechlorination assisted by ZVMg and
will help to improve the remediation process in field samples.
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CHAPTER ONE: INTRODUCTION
Overview of polychlorinated biphenyls
Polychlorinated biphenyls (PCBs) are a class of nonpolar, chlorinated hydrocarbons
having a molecular formula of C12H10-nCln. There are 209 different PCB compounds that exists
called congeners. In 1865 the first “PCB-like” chemical was discovered, and the first PCB was
synthesized by a German laboratory in 1881. However, industrial applications were not fully
realized for the next 50 years until improvements were made by the Swan Corporation.
Chlorination of the parent moiety, biphenyl, produces a number of chlorinated products which
exhibit unique thermal and chemical stability. Mixtures of different PCB congeners quickly
gained wide spread acceptance as industrial products where nonflammable and heat-resistance
properties were highly desired.
Their unique characteristics and stability lead to a variety of commercial uses of PCB
during the 1930s until the 1970s. PCBs were used in several industrial process such as in dielectric
fluids in capacitors and transformers, as well as, in printing inks, paints, construction materials,
pesticides and many more.2

Clm

Cln

m+n= 1to 10
Figure 1 General structure of polychlorinated biphenyls
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PCBs in the environment
There are many ways in which harmful chemicals may travel around the globe and have
adverse effects, which depends on the location of their production and initial use. Known
examples of PCBs are categorized as persistent organic pollutants (POPs), which are
characterized by their ability to undergo long-range transport (LRT) to remote areas. The
accumulation of PCBs has been reported in some developing areas and subtropical regions where
electrical and electronic equipment waste (e-waste) is known to amass.3 PCBs can be released to
the environment from a variety of natural and anthropogenic sources, including industrial waste,
vehicle exhaust, forest fires, and construction materials such as caulking.4-6
Since the introduction of PCBs as an industrial chemical of preference in 1930, their
popularity and uncontrolled application over the past decades resulted in environmental
contamination. In 1966, a Swedish scientist was the first to point out the presence of PCBs in
fish and birds. Later in the 70s, global contamination of wildlife was becoming more apparent,
which was found to be caused by PCBs and other contaminants becoming more abundant in the
ecosystem. 2
Several ecosystems have been negatively affected over the past decades by PCB
contamination. The presence of these pollutants leads to significant environmental reservations
due to the compounds’ toxicity, persistence, potential for long range transport, and recognized
adverse health effects on living organisms. Exposure to POPs may lead to serious health effects
such as, cancer, birth defects, alternations on the nervous system and so forth. A steadily
increasing number of epidemiological studies across the globe have indicated associations
between prenatal and perinatal (maternal) exposure to PCBs, resulting in neurobehavioral effects
such as decreased attention and short-term memory, reduced IQ, and the impairment of cognition
2

in infants and children. Neurotoxicity as a result of prenatal exposure may have serious long term
implications as indicated by measurable effects in school-age children, in certain cases.7
Many PCB pollutants that were originally introduced into bodies of water preferentially
adsorb to sediment particles because of to their hydrophobic properties. The main route of
exposure for many species is generally considered to be direct transfer of chemicals to those
organism from contaminated sediments.8 Several studies of soil contamination have shown more
than four hundred sites in the US are known to be polluted with PCBs. A recent study showed
PCB contamination on the sediments in the Everglades of South Florida, which is one of the
larger fresh water systems; the greatest concentration of PCB was found in May of 2003.9
Studies have demonstrated elevated PCB levels among a range of individuals who live
and/or work in structures which incorporate PCBs in the various building materials. These
investigations suggest that these PCB-laden materials, found in schools and other establishments,
pose significant risks to their occupants.10
The most serious consequence of this pervasive contamination of PCBs in the
environment is the indirect contamination of certain foods throughout contaminated soil and
bodies of water. This ca be an explanation why PCBs has been found in human adipose tissue
and human milk.

Regulatory history of PCBs
In 1968 an accident in Kitakyushu City, Japan served as a trigger to focus a greater
attention on PCB contaminated food because rice oil became contaminated when PCBs leaked
from a heat exchanger.2 This accident poisoned everyone that had consumed the contaminated oil
rice. After this incident, the U.S food and drug administration (FDA) conducted a national survey
3

to evaluate the extent and concentrations to which PCBs had entered the food supply. In 1972
this survey culminated in a “Notice of Proposed Rule Making” to cap the levels of PCBs in food
containing inevitable PCB residues from industrial or environmental sources. Studies showed
that several foods had PCB contamination between 0.6 ppm and 338 ppm. Knowledge of the
toxicological effects of PCBs was very limited at the time of the survey. However, the FDA
concluded that it would be wise to reduce level of PCBs in humans by regulating the ways in
which PCBs infiltrate the food chain by establishing temporary tolerances.2
Due to the accident in Japan, several other incidents, and with the PCB distribution in the
ecosystem these events led to a massive scientific research about PCBs toxicity and their effect
in the wildlife and environment. Such studies caught the Environmental Protection Agency
(EPA) attention in 1975. PCB production and industrial uses were banned in 1976 by the Toxic
Substances Control Act, as a consequence of their toxic effects on humans and wildlife.11-12
About a decade ago, the Stockholm Convention (SC) on POPs stated to protect
environment and human health from the harmful effects of substances that are explicitly
recognized as long range transport (LRT). Air was chosen as core monitoring medium in order to
evaluate the effectiveness of the SC through the detection of possibly declining temporal trend as
well as to provide information on POPs. 3, 13
Today PCBs have been categorized as probable human carcinogens and are among the
top ten most toxic chemicals monitored by the EPA. At federal facilities built 30 years or more
ago, there are still many transformers and capacitors that are contaminated with PCBs that are
still in use. The bulk of these transformers are approaching the end of their useful life,
necessitating proper disposal methods to prevent the unlawful release of PCBs into the
environment.1
4

Past and current treatments for PCB contaminated materials
According to EPA’s regulation any material with concentration of PCBs higher than
50ppm is considered hazardous, and that materials under these conditions need to be removed
from the site and decontaminated if possible.11 Since PCB contamination can be present in many
forms as described before, different remediation processes are available depending of the nature
of the contaminated material. Such methods include desorption, incineration, photo remediation,
bioremediation, and electrokinesis.6, 14
Soil remediation
Contaminated land management and soil have strong links with environmental protection
policies. Soil contamination with synthetically produce materials are one of the most serious
environmental problems in the world. A major source of PCBs entering the environment is the
dumping and spilling, or leaking, of electrical insulating oil during salvage repair operations.
PCBs are persistent contaminants and they strongly bind to the soil matrix due to their high
hydrophobicity.
A number of chemical and physical remediation methods including incineration, soil
washing, thermal desorption, and soil burial have been proposed for application to PCBcontaminated soils,15 but they are often expensive and perturb soil processes. Chemical oxidation
is an effective treatment process in remediating soil at waste disposal and spilled sites. The
benefit to this process is the degradation of a variety of hazardous waste. Chemicals such as
ozone (O3), hydrogen peroxide (H2O2), and sodium peroxydisulfate (Na2S2O8) are known for the
successful oxidation of organic contaminants in soil. However, the sorption of hydrophobic
organic contaminants, such as PCBs, has major limitations in the remediation of contaminated
soil using chemical oxidation processes. 16
5

Activated carbon (AC)-based technologies have also been proposed as treatments for
PCB-contaminated soil based on the significant capability of AC to adsorb PCB congeners.
Introducing AC directly into PCB-contaminated soils is an effective in situ technology for
reducing PCB bioavailability. Bioremediation of PCBs with the support of AC may also be
effective, in that AC provides a scaffold for the attachment of microorganisms and the
subsequent formation of multi-species PCB-degrading biofilms. Several bacterial strains and
multi-species biofilms have been able to at least partially metabolize a number of PCB congeners
under aerobic conditions, though PCBs are not readily mineralized. These organisms employ the
2,3-dioxygenase pathway to convert PCBs with fewer chlorines to chlorobenzoic acids and
progressively to CO2, Cl−, and biomass. Diverse microorganisms representing a wide range of
genera carryout this pathway. Under aerobic conditions, lower-chlorinated PCB congeners are
preferentially degraded, however microorganisms have been described which are capable of
biotransforming congeners having up to seven or eight chlorine atoms. The application of in situ
biodegradation is generally not feasible due to the dilute concentrations of PCB congeners at
contaminated sites and the presence of naturally active PCB-degrading bacteria.17-19
The hydrophobicity of PCBs causes them to be readily adsorbed by organic carbon
suspensions and dissolved organic material (DOM) in the water column, DOM and organic
carbon comprising waterway sediments, and fatty tissues of aquatic biota.
Water treatment
PCBs have minimal solubility in water with a high octanol:water partition coefficient
(Kow). Generally, as the number of chlorine atoms substituted on the biphenyl backbone
increases, the solubility of PCBs in water decreases and the Kow increases. Highly chlorinated
PCBs immediately adsorb to insoluble material, thus being removed from the water column into
6

the sediment. Less chlorinated PCBs remain in solution longer and are likely to be transported
further via advection than the more chlorinated PCBs.20
Some technologies demonstrate sufficient removal of PCBs from the aqueous phase by
providing surfaces on which the PCBs can readily adsorb. Certain technologies, including AC,
require post-treatment processes to completely destroy the adsorbed PCBs. One of the most often
used methods, incineration, may produce highly toxic by-products including polychlorinated
dibenzo-p-dioxins while consuming excessive amounts of fuel.22
Recently, the sulfate radical (SO4.-) has garnered significant attention as a result of its
high mineralization efficiency remediating organic pollutants. SO4.- is a strong oxidizing agent
that has been applied to various organic pollutants in aqueous solutions with PCBs being one of
them. Even though this oxidation technology gave promising results at small scale samples at
some point heating was required in order to continue the degradation process of the PCBs
making it not feasible for large water bodies.23-24
An important mechanism for the natural remediation of PCBs is photolysis. Irradiation of
PCBs using short wavelength (254-300 nm) light has demonstrated dechlorination in multiple
solvents. However, most PCB congeners cannot absorb any wavelengths above 300 nm.
Remediation through indirect photodegradation by combining sunlight with photosensitizers has
been proposed. These photosensitizers, including diethylamine and other such dyes, form their
excited states upon absorption of light energy which leads to a photoinduced electron transfer
mechanism for the dechlorination of PCBs. In spite of this novel technology full dechlorination
of PCBs has not been reported yet.25-27
Resuspension of PCBs from sediment into the water column, due to bioturbation by
macroinvertebrate fauna, has been demonstrated. Bioturbation promotes fluctuations of the
7

aqueous fauna system which can impede sedimentation and burial of PCBs while also promoting
the retention of PCBs in the aquatic food web. Previous studies have used leeches to track PCB
contamination prior to and after remediation of water bodies. 21

Construction materials management
PCBs have been used as plasticizers in systems which include numerous building
materials directly exposed to occupants. Between 1958 and 1971, over 70 million kilograms of
PCBs were used in paint, adhesives, ceiling tiles, caulk, and sealants. The concentration of PCBs
in caulk and other sealants often exceeded 1% by weight; these PCBs later migrate from their
sources create the potential for human exposure. The volatile nature of PCBs off-gassing from
construction materials has been reported to produce PCB concentrations up to 200 ppb in indoor
air, four orders of magnitude greater than typical levels found in ambient air. Around 46% of
educational institutions in the U.S were constructed while PCBs were being actively and legally
sold for unrestricted use. Some studies showed caulking materials with PCB content greater than
50 ppm in the Greater Boston (MA) area. In Switzerland, a national survey showed nearly half of
all buildings built from 1955 to 1975 contain joint sealants with PCB contamination ranging
from 20 to 550,000 ppm. 28-29
PCBs migrating from primary sources can readily partition to many building locations
such as concrete and paint. The partitioning to building materials can proceed in two ways: (1)
diffusion via direct contact with primary sources, and (2) adsorption from indoor air
contaminated with PCB emitted from primary sources. 30
Current technologies of treatment include disposal of the building as hazardous waste,
physical removal of the contaminated material (paint, caulk), incineration, and photolysis. Each
8

technique has its own limitations. For example, disposing of large structures is expensive,
considering the landfill costs and this doesn’t eliminate the problem because the material is still
contaminated. Mechanical removal of paint or caulk from the structure results in a new form of
hazardous waste, which can further the spread of PCBs to surrounding areas. Incineration, as
discussed before, is costly and may produce even more toxic products. 31
Reactions involving alkyl metal, alkali earth metal, and bimetals have been shown to
achieve reductive dechlorination of PCBs at ambient conditions. Previous research done by
UCF’s Industrial and Environmental Laboratory has demonstrated that highly chlorinated PCBs
such as 2,2',3,5,5',6-Hexacholorobiphenyl (PCB 151) and Arochlors can be dechlorinated into
lower PCBs with zero valent magnesium (ZVMg) and acidified ethanol. 31-36 This technology
can be applied for soil, concrete, and paint remediation. The use of ZVMg have shown numerous
advantages due to its higher oxidation potential (2.37V) compared with other metals used for
reductive dechlorination, such as iron (0.04V), and zinc (0.76V).

Dissertation objectives
The dechlorination reaction using (ZVMg) and acidified ethanol is quenched with small
amounts of water in the system that causes an issue when doing a soil extraction in the presence
of water or treatment of construction materials where moisture from the environment is present.
Another difficulty that this system faces is how rapidly the system becomes inactive and being
unable to continue to dechlorinate all the PCBs present in the field sample. In an effort to
optimize this method to make it more approachable for field applications, a dual system of
acidified ethanol/ethyl lactate is proposed for this work, as well as the addition of activated
carbon.
9

The studies included here have the following specific objectives:
•

Extend the reductive activity of the ZVMg by studying the pH of the reaction
under different solvent systems

•

Allow the introduction of moisture without affecting the dechlorination process

•

Examine the tolerance of the reaction by the water addition

•

Complete kinetic studies of the different proposed systems

•

Propose a degradation pathway for high chlorinated PCBs

•

Study the mechanism of the reaction by computational methods

•

Suggest further directions and solutions for remediation of environmental samples

10

CHAPTER TWO: MATERIALS AND METHODS
PCB standard solutions were prepared by diluting the neat standards purchased from
Accustandard with absolute ethanol and ethyl L(-)-lactate (90:10) and in later experiments
different percentages of ultrapure water were added to the system. The absolute ethanol was
obtained from Pharmco-AAPER and used without any further purification, ethyl L(-)-lactate
97% was obtained from ACROS Organics. Mirco-scale magnesium (4μm nominal diameter) was
purchased from Hart Metals, Inc. Activated Carbon (charcoal G-60) was purchased from MC/B.
Both ZVMg and activated carbon were ball milled with the optimal parameters for PCB
degradation prior to use 32. Glacial acetic acid and HPLC grade toluene were purchased from
Fisher Scientific.

Experimental procedure
General dechlorination studies procedure
Studies using (250.0 ± 0.5) mg of balled milled Mg or Mg/C with (5.0 ± 0.1) mL of
individual PCB solution in 20 mL vials (with PTFE lined caps) were conducted. Samples were
placed on a Lab Companion Series K-57013 Reciprocating shaker table (speed 200 rpm) until
the appropriate extraction time. Samples were extracted using (5.0±0.1) mL of HPLC grade
toluene and deionized water (5.0±0.1) mL added to the sample vial to induce separation of the
toluene/ethanol:ethyl lactate. The resulting mixture was then shaken by hand for 2 min. followed
by centrifugation for 10 min. A second centrifugation was done for 30min. where the top layer
was transferred to a clean vial and more deionized water was added to the solution. The top layer
of the extract was collected and filtered with a Watman® 25-mm (0.45-μm pore size) nylon
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syringe filter attached to a disposable syringe and stored until further analysis would be
performed.

Analysis of the extracted samples were performed on a Perkin–Elmer Clarus 580 gas
chromatograph equipped with an electron capture detector (GC-ECD) and an Agilent
Technologies 6850 GC/MS system, both using an RTX-5 column (30 m, 0.25 mm i.d., 0.25 μm
df). Ultra-high purity nitrogen was used as the ECD makeup gas at a flow of 30 mL/min. Helium
acted as the carrier gas in both instruments, a constant flow of 1.3 mL/min was set. On the GCECD, the injector port temperature was held at 275 °C and the detector was at 325 °C. On the
GC/MS, the injector temperature was 250 °C, and the ion source temperature was 280 °C. Both
instruments were equipped with autosamplers. An initial oven temperature of 120 °C was used,
and then ramped up to 320 °C. Identification of each of the single congener PCBs was based
upon the retention times of known standards and verified via their mass spectrum.
Ball-Milling of Magnesium and Magnesium-Carbon
Prior to use, the surface of the magnesium powder was regenerated by mechanical ballmilling in order to provide a uniform and less oxidized surface. This procedure is based on a
larger-scale ball-milling process that was developed at the University of Central Florida.32
Canisters were custom made from galvanized steel pipe (7.03cm length by 5.03cm dimeter) with
screw-on steel endcaps. Before magnesium preparation, the canisters were cleaned with ethanol,
rinsed with acetone and allowed to dry overnight. Sixteen stainless steel ball bearing (16mm
diameter) were placed into each canister.
To each canister (85.0±0.1) g of ZVMg or (76.5±0.1) g ZVMg with (8.5±0.1) g of
activated carbon according to the case were added to each canister. Later the canisters were
12

flushed with argon prior closing to avoid sparking. A Red Devil 5400 twin- arm paint shaker was
used as ball-milling apparatus, which was equipped with custom made wooden plates to hold up
to three canisters in place per arm. The ball-mill was run for 30 minutes, after which the metal
was removed and ready to use.
pH measurements
Separate experiments were performed in order to determine the pH variations during the
first 120h of reaction and to examine the advantage of the ethanol/ethyl lactate co-solvent
system. Similar to the procedure described previously, ethanol solvent and ethanol/ethyl lactate
(90:10) co-solvent (5.0 ± 0.1)mL were added to reaction vials containing (250.0 ± 0.5)mg of Mg
or Mg/C. Then, acetic acid was added, and the systems were allowed to react. At selected time
points, (1.00 ± 0.01)mL aliquots of the reaction solutions were transferred into new vials and
diluted to (10.0 ± 0.1)mL with distilled water (1:10 dilution). Subsequently, the pH of the diluted
solutions were measured using a pH meter (Accumet Research AR15), and the concentration of
hydrogen ions were back-calculated to determine the pH in the non-aqueous solvents.
Computational methods

All calculations in the research were performed using the Gaussian09 package with
DFT/B3LYP functional. In the study, 6-31+G(d,p) basis set was applied for all elements in order
to obtain result with satisfactory accuracy. In all calculations, optimizations and frequencies
calculations were performed for each structure. Intrinsic reaction coordinate (IRC) calculations
were performed for transition states to verify its reaction pathway between substrates and
products. Unless specified, Gibbs free energies were discussed in this dissertation.
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CHAPTER THREE: KINETICS STUDIES OF THE DECHLORINATION
REACTION WITH ZVMg AND ZVMg WITH ACTIVATED CARBON
UNDER ACIDIFIED ETHANOL: ETHYL LACTATE
Use of a co-solvent system
Ethanol has been used extensively in the past as both a solvent and hydrogen donor for
polychlorinated aromatic hydrocarbon dechlorination because of its polarity and non-toxic
properties. However, the use of absolute ethanol as a solvent system has shown some limitations
when desorbing some high molecular weight polychlorinated aromatic hydrocarbons from soil,
for example PCBs. 37
In order to choose the optimal solvent, the soil system matrix needs to be understood to
determine which candidate is the best solvent. In previous studies, a highly polar organic cosolvent has reduced the adsorption of hydrophobic pollutants onto the soil while facilitating their
transfer into the aqueous phase through the “co-solvency effect”. The solvent(s) chosen to be
used as co-solvents should be environmentally friendly, low cost, and water miscible due to soil
moisture 36, 38.
Ethyl lactate (EL) has recently drawn a lot of interest in the environmental field due to
improved engineering technologies which enable its production cost to be low compared with
other organic solvents, and because EL is non-toxic and 100% biodegradable.38 EL was chosen
to be one of the solvents for the co-solvent system.
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pH measurements.

The degradation of PCBs was conducted in non-aqueous system, however the pH value
of the system will give important information to understand the reactivity mechanistic of the
metal with respect to degradation time. For example if the pH of the system is too basic this can
be an indication of the presence of excessive magnesium oxides, which can lead to a deactivation
of the magnesium over time (Figure 2).

Cl
Cl

Activated Carbon

Cl
Cl

+ 6 CH3CH2OH + 6 Mg0
Cl

H+

3 Mg(OCH2CH3)2 + 3 MgCl2 +

Cl

PCB151

BIPHENYL

Figure 2. Dechlorination reaction of PCB 151
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Figure 3. pH of various systems over time.
A pH study of the system without PCBs is shown in Figure 3. In this study an increase
of the pH can be seen when the ZVMg and ZVMg/C is added to the acidified co-solvent system,
indicating that magnesium oxides are been formed over time. According to this study the optimal
system to continue degradation over an extended period of time (with respect to pH) is the
ZVMg/C with the acidified EtOH:EL (90:10) because it is the one where the pH remains less
basic over an extended period of time.

Effect of the moisture on PCBs degradation by ZVMg
Studies were conducted with the addition of water to the acidified Mg- ethanol:EL
system to see if the rate of the dechlorination of PCBs was affected. 2,2',3,5,5',6Hexacholorobiphenyl (PCB 151) was chosen for the degradation studies due to its fast
degradation and the traceable byproducts. 32, 34-35
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Figures 4 and 5 show the kinetics of the dechlorination when water was added to the
system and ZVMg was used as the metal.
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Figure 4. [A] PCB 151 degradation under ZVMg with acidified ethanol/ethyl lactate
(90:10). [B] PCB 151 degradation under ZVMg with acidified ethanol and ethyl lactate
with addition of two percent (by volume) water (89.2:8.8:2).
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Figure 5. [A] PCB 151 degradation under ZVMg and acidified ethanol/ethyl lactate with
three percent by volume of water (87.3:9.7:3). [B] PCB 151 degradation under ZVMg and
acidified ethanol/ethyl lactate with four percent by volume of water (86.4:9.6:4).

As can be seen on those figures the degradation of PCB 151 occurs at a lower rate
when water was added to the system. It was also found that the degradation pathway follows
a different pathway than was previously reported acidified ethanol as solvent system. 39 This
pathway will be discussed in a later section. When water accounts for four percent of the
solution, some by-products are observed after two hours which continued to increases in
concentration beyond four hours. However after twenty-four hours no by-products were
detected by GC/ECD or GS/MS and the concentration of PCB 151 stayed more or less
constant. This indicates that the by-products initially formed before were degraded, but the
system is no longer active, leaving approximately fifty percent of the initial PCBs in solution
(Figure 6).
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4h

Figure 6 Chromatograms by GC-ECD at different time points of the degradation of
PCB151 with acidified EtOH:EL:H2O (86.4:9.6:4) and ZVMg

Effect of the moisture on PCBs degradation by ZVMg with activated carbon
In an effort to enhance the activity of magnesium towards the degradation of PCBs in the
presence of water. Ten percent by mass of activated charcoal was mixed and balled milled along
with ZVMg. The addition of activated carbon has shown numerous advantages in past studies
toward degradation of toxic organic materials via hydrogenation. 33, 40 However, the use of balled
milled ZVMg with activated carbon to degrade PCBs hasn’t been studied in detail.
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Figure 7 [A]PCB 151 degradation under ZVMg over activated carbon and acidified
ethanol/ethyl lactate (90:10). [B] PCB 151 degradation under ball milled ZVMg and
activated carbon and acidified ethanol/ethyl lactate with addition of five percent (by
volume) water (85.5:9.5:5)
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Figure 8 Chromatograms by GC-ECD at different time points of the degradation of
PCB151 with acidified EtOH:EL:H2O (86.4:9.6:5) and balled milled ZVMg with activated
carbon
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Figure 9 PCB 151 degradation under ZVMg over activated carbon and acidified
ethanol/ethyl lactate (90:10).
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Figure 10. PCB 151 degradation under ball milled ZVMg and activated carbon and
acidified ethanol/ethyl lactate with addition of five percent (by volume) water (85.5:9.5:5).
Figure 7 shows that by adding activated carbon to the system, degradation of PCB151 can still
be observed with as much as five percent of water in the media. Degradation of PCB151 was
confirmed by the characterization (GC-MS) of the byproducts produced in the reaction (Figure
8). In both systems the main degradation product after seventy two hours was 3, 3’dichlorobiphenyl (PCB11). Over time the system with five percent water shows some sorption of
the PCBs, making it difficult to maintain the mole balance (Figures 9 and 10). Sorption was
observed and seems to be stronger on low chlorinated PCBs than higher chlorinated PCBs, this
sorption effect will be discussed in the next chapter.
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Proposed degradation pathway for PCB 151 dechlorination
Figure 11 shows the proposed degradation pathway for PCB151 after characterization by GC-MS
of the byproducts observed at different times of the reaction. This same pathway was observed on
all the experiments previously described.
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Figure 11. Degradation pathway for PCB 151
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As can be seen in the previous figure two main trends were seen where one corresponds to the
major pathway (pathway 2) due to higher quantities of byproducts being produced in contrary to
the minor pathway where less of these byproduct were observed. In general, it seems to be a trend
to generate 3-chlorobiphenyl (PCB 2) by both pathways before the formation of biphenyls as the
final product of this dechlorination reaction. The mechanism involved on this reaction is going to
be discuss on detail in chapter four of this dissertation.

Efficacy of the system to degrade low chlorinated biphenyls
To ensure that fully dechlorination is achieved over time by this new technology 2, 3, 6trichlorbiphenyl (PCB24) and 2, 3’, 5-trichlorobiphenyl (PCB26) were exposed to the same
conditions described in the experimental procedure section and the degradation kinetics were
studied over time by GC-MS. These congeners where chosen because they were observed on the
degradation pathway of PCB151.
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Figure 12. PCB 24 degradation in acidified ethanol and in acidified ethanol: ethyl lactate
(90:10) over balled milled ZVMg with activated carbon
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Figure 13. Pseudo first order dechlorination of PCB24 in acidified ethanol and acidified
ethanol/ethyl lactate (90:10).
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Figure 14. PCB 24 degradation in acidified ethanol over balled milled ZVMg with activated
carbon.
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Figure 15. PCB 24 degradation in acidified ethanol: ethyl lactate (90:10) over balled milled
ZVMg with activated carbon.

PCB 24
[PCB24]t/[PCB24]0

1.2
1
0.8
0.6
0.4
0.2
0
0

24

48

144

240

336

Time (hours)

Figure 16. PCB 24 degradation under ball milled ZVMg and activated carbon and acidified
ethanol/ethyl lactate with addition of five percent (by volume) water (85.5:9.5:5).
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Figure 17. PCB 24 degradation under ball milled ZVMg and activated carbon and acidified
ethanol/ethyl lactate with addition of five percent (by volume) water (85.5:9.5:5).
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Figure 18. PCB 26 degradation in acidified ethanol over balled milled ZVMg with
activated carbon.
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Figure 19 PCB 26 degradation in acidified ethanol: ethyl lactate (90:10) over balled milled
ZVMg with activated carbon.
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Figure 20. PCB 2 degradation in acidified ethanol (EtOH) over balled milled ZVMg.
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Figure 21 PCB 2 degradation in acidified ethanol over balled milled ZVMg.
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Figure 22 PCB 2 degradation in acidified ethanol over balled milled ZVMg with activated
carbon.
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Figure 23. PCB 2 degradation in acidified ethanol over balled milled ZVMg with activated
carbon.
Figure 12 shows the degradation of PCB24. This reaction follows a pseudo first order
reaction (Figure 13). When ethanol and ethanol: ethyl lactate (90:10) were used as solvent
systems it was observed that in both cases satisfactory dechlorination occurred. In acidified
absolute ethanol the main products of the reaction after one week were PCB 2 by 86% and
biphenyl by 14% (Figure 14). In acidified ethanol: ethyl lactate (90:10) also the main products
after one week were PCB 2 by 80% and Biphenyl by 20% (Figure 15). Similar results were
observed for PCB 26 (Figures 18 and 19).
In figure 16 even though it seems there was an apparent decrease in concentration of
PCB 24, very low dechlorination was observed just 3 % of 2,3-dichlorobiphenyl (PCB5) was
detected by GC-MS after 21 days of exposure (Figure 17). Similar result were obtained for
PCB26, which indicates that water inhibits the dechlorination reaction of low chlorinated PCBs.
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Figure 20 and 22 follow the dechlorination of PCB2 under the two metal systems
studied. After one week there was a 78% conversion of PCB2 to Biphenyl when the metal was
ZVMg in acidified ethanol. However, when the metal was ZVMg with ball milled activated
carbon in acidified ethanol after one week, 11% conversion into biphenyl was detected, more or
less stayed constant for 21 days indicating that the reaction has stopped at this point (Figures 21
and 23). Both systems follow a pseudo first order reaction. No degradation was observed when
5% water was present on the system.

Activity comparison between ZVMg and ZVMg with activated carbon.
In order to determine the actual benefits and field application of this new technology to degrade
PCBs an experiment where the activity over time of balled milled ZVMg and balled milled ZVMg
with activated carbon over time was determined in the presence of acidified ethanol and acidified
ethanol: ethyl lactate (90:10). This experiment consisted of weekly additions of 1.0 ml of a 50ppm
solution of the chosen PCB congener after the first week of reaction at regular conditions as
described in the experimental procedure section. The samples were analyzed by GC-MS and a
characterization of the byproducts was performed. The congeners chosen for this study were
PCB151, as high chlorinated congener and PCB 26 as a low chlorinated congener.
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Figure 24. [A] PCB 151 degradation under ZVMg and acidified ethanol. [B] PCB 151
degradation under ball milled ZVMg and acidified ethanol/ethyl lactate (90:10).
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Figure 25. [A] PCB 151 degradation under ZVMg over activated carbon and acidified
ethanol. [B] PCB 151 degradation under ball milled ZVMg and activated carbon and
acidified ethanol/ethyl lactate (90:10).
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Figure 26[A] PCB 151 degradation under balled milled ZVMg and activated carbon and
acidified ethanol with weekly addition of acetic acid. [B] PCB 151 degradation under ball
milled ZVMg and activated Carbon and acidified ethanol/ethyl lactate (90:10) with weekly
addition of acetic acid.
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Table 1. Comparative table between systems for the degradation of PCB 151
Metal

Solvent

Active for?

Mg

EtOH

2 weeks

Major Byproducts
Penta-, bi- and monochlorinated biphenyls

Mg

EtOH:EL (90:10)

3 weeks

Penta-, bi- and monochlorinated biphenyls

Mg/C

EtOH

4 weeks

Penta- and bi- chlorinated
biphenyls

Mg/C

EtOH:EL (90:10)

4 weeks

Tetra- and bi-chlorinated
biphenyls

Mg/C

EtOH

4 weeks

(With weekly acid re-spike)
Mg/C

EtOH:EL (90:10)

Bi- and mono-chlorinated
biphenyls

4 weeks

(With weekly acid re-spike)

Bi- and mono-chlorinated
biphenyls

Figure 24 corresponds to the activity of ZVMg in both solvent systems. When acidified
absolute ethanol is used as the solvent, after two weeks ZVMg had lost its activity and no further
degradation of PCB 151 was observed (Figure 24A). When acidified ethanol: ethyl lactate
(90:10) was used as the solvent the metal starts losing activity on the second week however,
there is still some degradation during the third week and its activity is completely lost by the
fourth week (Figure 24B).
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In the case of balled milled ZVMg with activated carbon both solvent systems showed a
good degree of dechlorination for PCB151 even though after four weeks (Figure 25). The main
difference resides in when acidified ethanol was used PCB 11 is present as the main byproduct
compared when acidified ethanol: ethyl lactate (90:10) where 2,2’,5,5’-Tetracholorobiphenyl
(PCB 52) is the main byproduct, indicating that ethyl lactate is reducing the capacity of the
system to degrade low chlorinated congeners over time (Figure 25B).
To induce a higher activity of the metal and to go even further in the dechlorination
process of PCB 151 another experiment was conducted where the same conditions described
above for ZVMg with activated carbon were used with a small modification: 50µL of glacial
acetic acid were added to each vial weekly along with PCB151(Figure 26). In this experiment
degradation was observed with the production of less byproduct for both solvent systems. The
metal stays activated longer during the four week experiment for dechlorination of the high
chlorinated PCBs with the main byproducts being PCB11 and PCB 2. A comparative table
(Table1) is shown where the main byproducts at the end of each experiment is discussed.
To understand how the activity of the ZVMg vs ZVMg with activated carbon changes
when low chlorinated PCBs are in the media a similar experiment to the one described
previously was done using PCB26 as model for low chlorinated PCBs.
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Figure 27. [A] PCB 26 degradation under ZVMg and acidified ethanol. [B] PCB 26
degradation under ball milled ZVMg and acidified ethanol/ethyl lactate (90:10).
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Figure 28. [A] PCB 26 degradation under balled milled ZVMg and activated carbon with
acidified ethanol. [B] PCB 26 degradation under ball milled ZVMg and activated carbon
with acidified ethanol/ethyl lactate (90:10).
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Figure 29. [A] PCB 26 degradation under balled milled ZVMg and activated carbon
and acidified ethanol with weekly addition of acetic acid. [B] PCB 26 degradation under
ball milled ZVMg and activated carbon and acidified ethanol/ethyl lactate (90:10) with
weekly addition of acetic acid.
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Table 2. Comparative table between systems for the degradation of PCB26.
Metal

Solvent

Active for?

Mg

EtOH

3 weeks

Major Byproducts
Mono- chlorinated biphenyl
and biphenyl

Mg

EtOH:EL (90:10)

2 weeks

Mono- chlorinated
biphenyl

Mg/C

EtOH

4 weeks

Bi- and mono- chlorinated
biphenyls

Mg/C
Mg/C

EtOH:EL (90:10)
EtOH

3 weeks

Bi-chlorinated biphenyls

4 weeks

Bi- and mono- chlorinated

(With weekly acid re-spike)
Mg/C

EtOH:EL (90:10)

biphenyls
4 weeks

(With weekly acid re-spike)

Bi- and mono- chlorinated
biphenyls

40

PCB 26
1.2

moles/moles0

1
0.8
0.6

PCB11

0.4

PCB26

0.2
0
0

2

4

24
72
Time (hours)

120

192

Figure 30. PCB 26 degradation under ball milled ZVMg and activated carbon and acidified
ethanol/ethyl lactate with addition of five percent (by volume) water (85.5:9.5:5). Addition
of acetic acid was done every 48 hours.
With just ZVMg and acidified ethanol the metal loses it activity after three weeks and
with acidified ethanol:ethyl lactate the metal is not active any more after two weeks (Figure 27).
When activated carbon is added to the system an appreciable improvement on the length of the
activity can be seen (Figure 28A) where the system keeps degrading PCB26 even after four
weeks. The main product of the reaction is PCB11. However, when the solvent system is
changed to ethanol: ethyl lactate the system keeps its activity for only two weeks.
As before in an effort to enhance the effectiveness of the system over time a separate
experiment was conducted where a weekly addition of acetic acid (same conditions than
described before) was applied. In figure 29 can be seen how the acetic acid keeps the system
active for the whole month of the experiment regardless of the solvent used and the byproducts
produced were a lower chlorinated PCB (PCB2) and biphenyl were obtained as the final
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products. With these results the previous statement of the ethyl lactate obstructing the low
chlorinated PCBs degradation is confirmed. One reason of why the ethyl lactate can hinder the
reaction after a while is because ethyl lactate is also used during part of the process of making
coating materials for metals and to extract heavy metals from soil 4, 46-47 this particular properties
may inhibit the corrosion of the metal and corrosion is what is need in order to this system works
properly. By extra addition of acidified ethanol after 48 hours of the reaction started (Figure 30)
and weekly addition of acetic acid as well the decholorination process can be pushed to lower
chlorinated PCBs (PCB11 and PCB2). Complete dechlorination hasn’t been obtained indicating
that this method is very effective for high chlorinated PCBs but for low chlorinated PCBs further
studies need to be done.
Table 2 as previously corresponds to a comparative table where the final byproducts at
the end of each experiment is shown.
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CHAPTER FOUR: MECHANISTIC ASPECTS FOR THE
DECHLORINATION REACTION OF POLYCHLORINATED BIPHENYLS
WITH ZVMg AND ZVMg WITH ACTIVATED CARBON UNDER
ACIDIFIED ETHANOL: ETHYL LACTATE
Degradation of halogenated aromatic compounds has been studied extensively in order to
achieve mild, non-destructive and affordable procedures to degrade them to be applied into the
field. However, in order to understand fully the process behind it and be able to optimize such
processes, the mechanism pathway involved on this reaction needs to be studied in detail.
Previous studies have sought to determine the mechanism involved 39. Nevertheless, a
few studies needed to be done in order to prove the mechanism pathway. With the kinetic
experiments and the degradation pathway seen from the previous chapter, this chapter focuses on
the mechanistic aspect and the role of each substance involved in the reaction to completely
elucidate a mechanism for the PCB dechlorination with ZVMg and ZVMg with activated carbon
under acidified ethanol: ethyl lactate.

Reductive dechlorination by ZVMg
Magnesium in methanol or ethanol is useful to reduce various functional groups. The
combination of Mg/MeOH acts as a convenient source of a single electron transfer in many
reductive reactions. Such reductions are believed to go through a hydrogen transfer mechanism
promoted by the magnesium.48
Small size base metals including aluminum, iron, zinc, and alkali or alkaline earth metals
when combined with slightly acidic hydrogen donors – which frequently include hydroxyl,
amino or amido groups – can induce a dehalogenation chemical reaction of polychlorinated
aromatic compounds. Their similarity to such reactions have been called Grignard-Zerewitinoff43

like reactions because of their similarity to those to reactions. First, a transition state (TS) is
formed between the benzene ring and the magnesium, which generates an ionic specie (R-MgCl). Then, followed by the protonation of such TS by the hydrogen donor of choice (EtOH or EL
in this dissertation) giving as product the parent hydrocarbon of the polychlorinated aromatic
compound. 49-53
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Figure 31. Proposed mechanism for the dechlorination of PCB151 under ZVMg and
acidified ethanol
Figure 31 shows the proposed mechanism for the reductive dechlorination of PCB151.
This mechanism was obtained by computational methods and supported by the literature. It is
important to notice that even though this mechanism resembles a Grignard mechanism the
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computational calculations showed only ionic transition states not radical transition states.
Indicating that this reaction is not a radical mechanism, as was believed in the past, which is a
novel discovery on reductive dechlorination reactions. The formation of an ionic complex
during the reaction explains why this reaction is favorable under protic solvents, such as
ethanol and ethyl lactate, at room temperature and why the reaction also can tolerate small
quantities of water in the media. Computational studies were done using ethanol: ethyl lactate
(90:10) as solvent of the reaction and the mechanism stayed the same as described.
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Figure 32. Energy scheme of the ionic mechanism for PCB 151 dechlorination

Figure 32 shows the energy scheme of this ionic channel for removal of the first
chlorine of PCB 151. On this energy scheme it is shows how the limiting step is the
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formation of the TS1. Then from TS1 to the product the reaction goes very rapidly almost
instantaneous without a visible energy minimum on the calculation for transition state (TS2).
There are no differences in the energy trends between ethanol as a solvent and ethanol: ethyl
lactate as a solvent. Possibly the ethyl lactate may provide the hydrogen to the reaction,
however, this was not determined experimentally due to the lack of commercial availability
of deuterated ethyl lactate.
This process will occur with each chlorine on the PCB until complete dechlorination is
achieved or until the metal loses it activity. In the coming sections the roll of the activated
carbon is described as well as the dechlorination preference to each chlorine on the molecule.

Torsion angle and PCB degradation
Table 3. Activation energies for the PCB dechlorination under acidified ethanol:ethyl
lactate (90:10) and ZVMg
Pathway 1

Ea(kcal/mol)

Pathway 2

Ea(kcal/mol)

151 to 93

22.872

151 to 92

16.016

93 to 65

27.276

92 to 52

17.399

65 to 24

17.435

52 to 26

24.339

24 to 5

22.049

26 to 11

22.754

5 to 2

19.820

11 to 2

25.177

2 to biphenyl

25.820

2 to biphenyl

25.820
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Table 3 indicates the activation energies for each dechlorination reaction described in the
degradation pathway of PCB 151 (figure 11). The activation energies were calculated using the
mechanistic model described previously and ethanol: ethyl lactate as the solvent system.
However, the activated carbon was left behind to simplify the calculations.
Experimentally, the congeners indicated in pathway 2 are observed in higher
concentration (by GC-MS and GC-ECD) than the ones indicated in pathway 1. Computational
studies confirms this observation because, the activation energies for the removal of the two fist
chlorines are much lower in pathway 2 than in pathway 1. For example from PCB 151 to PCB 92
the activation energy is 16.016 kcal/mol (versus 22.871 kcal/mol for 151 to 93) indicating that in
this first dechlorination pathway 2 is more favorable. In general, it seems that the congeners with
a torsion angle close to 90o have a dechlorination reaction with a lower activation energy than the
ones that are more coplanar. This observation correlates also to the proposed mechanism, where
the Mg can easily approach one side than another side of the molecule due to steric effects.

Effect of the activated carbon in the dechlorination reaction
Activated carbon has slit pores that are mainly comprised of micropores smaller than
2nm in diameter. The microstructure of AC is a heterogenic network composed of defective
hexagonal carbon layer planes which are generally 5nm wide and cross-linked by aliphatic
bridging groups. Various functional groups (e.g. C-OH, C=O) may be introduced during the
activation process. These functional groups can have a significant influence on the adsorption
properties.54
Activated carbon adsorbs a wide range of organic compounds, both dissolved and
suspended, from gases and liquids including PCBs. Previous studies indicate that PCB
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adsorption with AC may be dependent on the planarity of the molecule about the phenyl linker
suggesting a planar adsorption onto hexagonal activated carbon surface. This study showed that
adsorption of PCBs may be planar where the π cloud over laps with the hexagonal carbons of the
activated carbon and the chlorine substituents are in between the carbon and the hydrogen atoms
are inside the pores of the hexagonal structure (figure 33). Such studies also indicate that the
adsorption effect is stronger in coplanar PCBs. 55-56

Figure 33. Surface adsorption of PCB 118 congener (image extracted from B. Jensen et al./
Fluid Phase Equilibria 307 (2011) 58-65)55
This adsorption is not going to affect or change the mechanism pathway of the reductive
dehalogenation of PCBs proposed in Figure 31, however this may interfere with the chlorine
removal preference during the reaction where the most expose chlorines are the ones to be
removed first (Figure 11).
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Table 4. Polychlorinated biphenyls torsion angle
PCB

Torsion angle (o)

Biphenyl

36.03

2

35.81

5

58.53

11

36.15

26

52.74

24

90.11

52

81.26

65

89.96

92

85.05

93

90.76

151

90.58

Cl

Cl

Cl

Cl

Cl

-2 or -5

-2

-3

Cl

PCB 2

PCB 5

PCB 24

Cl

Cl
Cl

-3

-3'

-2

Biphenyl

Cl
Cl
Cl

PCB 26

PCB 2

PCB 11

Figure 34. Degradation pathway of trichloro biphenyls.
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Biphenyl

Figure 34 corresponds to the main congeners observed during the degradation process of
trichlo-biphenyls (PCB 26 and PCB 24) as can be seen there is a preference in the formation of
PCB2 prior to the formation of biphenyl. The kinetics data of these congeners described in the
previous chapter showed that PCB 24 degrades faster than PCB 26 under ZVMg and activated
carbon (same solvent system). This observation may be due to the torsion angles (Table 4) and
the adsorption efficacy of this congeners with activated carbon. PCB 24 has a torsion angle of
90.11o compared to 52.74o for PCB 26, so PCB 26 should adsorb o more efficiently according to
the literature.55
At more adsorption the chlorines atoms closer to the activated carbon can introduce
difficulties, due to of steric effect, for the approach of ZVMg to the PCB molecule making the
formation of TS1 more difficult, which is the limiting step of this reaction. This explains why the
activated carbon is not as efficient with lower chlorinated congeners as it is with higher
chlorinated congeners where the torsion angle is closer to 90o.
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CHAPER FIVE: CONCLUSIONS AND RECOMMENDATIONS
Conclusions
Even after been banned forty years ago PCBs are still a threat for human life, wild life
and the environment. The battle in finding a non-aggressive and save way to handle and dispose
PCBs continues now days. The chemical and thermal stability of PCBs causes persistence not
only in materials manufactured with PCBs such as caulking, paints, and capacitors, as well as in
materials which, through spillage or leaching, have become contaminated over time, such as
concrete or soils. There is no one general treatment for PCBs that is effective to be implemented
in all sources of contamination.
This work focused in enhance a previous method proposed by the University of Central
Florida Industrial and Environmental Laboratory by using a co-solvent system (acidified ethanol:
ethyl lactate) instead of acidified ethanol and ZVMg with activated carbon as metal for the
reductive dechlorination reaction as an alternative to ZVMg. This changes had as objectives
make this remediation process more approachable for field samples. Furthermore, a study of the
mechanism and kinetics involved in this reaction supported by a degradation pathway was
completed.
The degradation studies showed a pseudo first order reaction where the most important
factor on the speed of the reaction is the substrate concentration. However, small changes on the
system gave different speeds giving important remarks about this reductive dechlorination
reaction, which can be used as a tool to improve even more this method in the future.
The first important conclusion is the main difference between ZVMg and ZVMg with
activated carbon. Activated carbon helps to continue the dechlorination reaction of high
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chlorinated PCBs when moisture is present on the media on contrary with just ZVMg when the
reaction is quenched or doesn’t happened with small quantities of water. This particular feature
is very important for field applications since moisture is always present on the environment.
However, the kinetics studies demonstrated that activated carbon slowed significantly the
dechlorination of low chlorinated congeners due to a higher adsorption of these particular PCBs
with the activated carbon surface this difficult the approach of magnesium to the PCB molecule
by steric effect. This could be solved by adding more ZVMg without activated carbon and more
acidified solvent to the media to desorb the PCBs from the carbon surface.
Secondly, pH studies showed ethyl lactate helped to keep the pH of the reaction neutral
over time. Also, when the activity of Mg was tested over time by using ethanol and ethanol: ethyl
lactate as solvents, the ethyl lactate showed to keep the ZVMg active for longer period of time
compared when just ethanol was used. Nevertheless, the same result can be obtained when
ZVMg with activated carbon was used as the one month experiment showed. Where, ZVMg with
activated carbon was able to degrade PCB 151 in acidified ethanol after one month meaning, that
the activity of ZVMg can be prolonged by using ten percent of activated carbon in the
remediation process and the ethyl lactate is not need it under these conditions. Is important to
highlight that activated carbon is cheaper than ethyl lactate for industrial proposes. Besides, ethyl
lactate doesn’t seem to intervene on the reaction more than as proton donor and the ethanol can
cover that roll without any problem like has been demonstrated previously.
Lastly, it was demonstrated that the mechanism involved for this reductive dechlorination
is a two-step mechanism, where an ionic transition state is formed between the benzene ring, the
most exposed chlorine of the PCB molecule and the magnesium (R-Mg-Cl) followed by the
protonation of the nucleophilic carbon attached to the magnesium by the ethanol. This
52

mechanism resemble a Grignard-Zerewitunoff-like reaction. Such reaction was demonstrated to
be exothermic and to stimulate the formation of PCB2 (a meta substituted PCB).

Recommendations

The scope of this investigation can be tested by applying this technology to real field
samples where the matrix of the sample is more complex which will demonstrate whether the
ethyl lactate is actually necessary.
This work suggests a two-step remediation process where, in the first step, ZVMg with
activated carbon is applied to dechlorinate high chlorinated PCBs. This is followed by a second
addition of ZVMg and more acidified ethanol to complete removal of the low chlorinated
congeners. This experiment would be interesting to try in a field sample to see if complete
dechlorination of PCBs to biphenyl can be achieved.
Another experiment worth trying is the computational simulation of the activated carbon surface
with PCB congeners whose torsion angles are not close to 90 degrees, in order to understand
which sorption is more favorable: planar adsorption or pore interaction with the activated carbon
structure. Such experiments will allow greater understanding of the activated carbon-PCB
interaction and how to better take advantage of it during the dechlorination process.
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Figure 36. Different extraction methods from ZVMg with activated carbon and with
ethanol:ethyl lactate: water (85.5:9.5:5) as solvent system
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Figure 38. GC-MS chromatogram of cero hour PCB 151
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Figure 39. GC-MS chromatogram after one week of PCB 151 treatment with ZVMg in
acidified ethanol
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Figure 40. GC-MS chromatogram after one week of PCB 151 treatment with ZVMg in
acidified ethanol: ethyl lactate (90:10)
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Figure 41. GC-MS chromatogram after one week of PCB 151 treatment with ZVMg and
activated carbon in acidified ethanol
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Figure 42. GC-MS chromatogram after one week of PCB 151 treatment with ZVMg and
activated carbon in acidified ethanol: ethyl lactate (90:10)
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Figure 43. GC-MS chromatogram of cero hour PCB 26
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Figure 44. GC-MS chromatogram after one week of PCB 26 treatment with ZVMg in
acidified ethanol
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Figure 45. GC-MS chromatogram after one week of PCB 26 treatment with ZVMg in
acidified ethanol: ethyl lactate (90:10)
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Figure 46. GC-MS chromatogram after one week of PCB 26 treatment with ZVMg and
activated carbon in acidified ethanol
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Figure 47. GC-MS chromatogram after one week of PCB 26 treatment with ZVMg and
activated carbon in acidified ethanol: ethyl lactate (90:10)
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Figure 48. Minimum energy conformation of biphenyl

Figure 49. Minimum energy conformation of PCB 2
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Figure 50. Minimum energy conformation of PCB 5

Figure 51. Minimum energy conformation of PCB 11
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Figure 52. Minimum energy conformation of PCB 24

Figure 53. Minimum energy conformation of PCB 26
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Figure 54. Minimum energy conformation of PCB 52

Figure 55. Minimum energy conformation of PCB 65
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Figure 56. Minimum energy conformation of PCB 92

Figure 57. Minimum energy conformation of PCB 93
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Figure 58. Minimum energy conformation of PCB 151
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